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The applications of plasmonics to energy transfer from free-space radiation to molecules are currently limited to the visible 
region of the electromagnetic spectrum due to the intrinsic optical properties of bulk noble metals that support strong 
electromagnetic field confinement only close to their plasma frequency in the visible/ultraviolet range. In this work, we show 
that nanoporous gold can be exploited as plasmonic material for the mid-infrared region to obtain strong electromagnetic 
field confinement, co-localized with target molecules into the nanopores and resonant with their vibrational frequency. The 
effective optical response of the nanoporous metal enables the penetration of optical fields deep into the nanopores, where 
molecules can be loaded thus achieving a more efficient light-matter coupling if compared to bulk gold. In order to realize 
plasmonic resonators made of nanoporous gold, we develop a nanofabrication method based on polymeric templates for 
metal deposition and we obtain antenna arrays resonating at mid-infrared wavelengths selected by design. We then coat 
the antennas with a thin (3 nm) silica layer acting as target dielectric layer for optical energy transfer. We study the strength 
of the light-matter coupling at the vibrational absorption frequency of silica at 1250 cm-1 through the analysis of the 
experimental Fano lineshape that is benchmarked against identical structures made of bulk gold. The boost of optical energy 
transfer from free-space mid-infrared radiation to molecular vibrations in nanoporous 3D nanoantenna arrays can open new 
application routes for plasmon-enhanced physical-chemical reactions. 
Introduction 
Plasmonics has emerged because it has given the ability to 
manage light at the nanoscale by geometric manipulation of 
noble metal nanostructures. One of the key aspects of 
plasmonic nanostructures is the confinement of the optical 
energy into very small volumes – the so-called plasmonic hot 
spots – where the electric field is strongly enhanced compared 
to the electric field of the incoming free-space radiation, whose 
intensity cannot otherwise surpass its maximum value attained 
in a diffraction-limited focal spot. By using nano-antennas, 
metamaterials or other advanced electromagnetic concepts,1–6 
the hot spots can be engineered to concentrate optical fields 
down to volumes occupied by only few molecules, small 
nanoparticles or ultrathin films. When such nano-objects are 
placed into plasmonic hot spots, very efficient energy transfer 
can occur from the electromagnetic field to the molecules, if 
compared to the bare electromagnetic absorption cross-section 
of a molecule in a vacuum. Finding new field enhancement 
geometries that boost optical energy transfer can therefore 
trigger physical-chemical processes occurring beyond free 
energy thresholds that are otherwise difficult or even 
impossible to reach at the nanoscale7-9. Serious challenges to 
the efficiency of this approach, however, are posed by the 
extremely small modal volume and the inhomogeneous field 
distributions resulting from the typically low surface-to-volume 
density ratio of plasmonic hot spots in nanostructures. In fact, 
in many practical cases, the full technology exploitation of 
plasmons is hindered by the difficulties of filling with plasmonic 
hot-spots the entire volume occupied by the target nano-
objects, such as catalytic reagents,10 analytes for enhanced 
spectroscopy,11 nanoparticles used as active gain medium for 
light emission,12,13 or other. In other words, it can be stated that 
the co-localization of optical energy and target nano-objects in 
the same position is a major issue affecting the present 
performances of plasmonic devices.  
Achieving efficient optical energy transfer may be even more 
difficult in the mid-infrared (mid-IR) region (wavelengths of 
approximately 2 to 12 microns), where the narrow-linewidth 
vibrational fingerprints of molecules would allow selective 
excitation of selected chemical species, but unfortunately the 
intrinsic advantages of plasmonics tend to vanish with 
increasing wavelength. This is due to a progressive and strong 
increase of the imaginary part of the noble metal permittivity 
2, which is responsible for optical energy losses and plasmon 
damping, and a simultaneous increase of the absolute value of 
the real part of the permittivity 1, whose value close to unity is 
responsible for field confinement in the visible range. In fact, 
applications of plasmonics are currently limited to the 
visible/near-infrared region of wavelengths shorter than 1 
micron and, although some recent progresses have been made 
using non-metallic conductors,14-18 the research for alternative 
materials for mid-IR plasmonics is still an open issue. The 
options that have been explored up to now include conducting 
oxides, heavily doped semiconductors, phase-change 
amorphous materials and graphene. Conducting oxides include 
the Indium-tin oxide (ITO) and Al-doped ZnO (AZO), which are 
transparent to visible radiation, are easy to deposit with low-
cost processes and feature widely tunable 1 and 2 in the entire 
IR range14,15. The alloy nature of ITO and AZO, however, makes 
their optical properties very sensitive to fabrication processes 
including material removal at extremely high spatial resolution 
(e.g. ion milling, reactive ion etching, etc.), which are needed to 
obtain plasmonic nanostructures. Heavily doped 
semiconductors with small effective mass like electron doped 
InAs 16 and Ge 17 are definitely more suitable for nanostructure 
fabrication and integration into microelectronic chips, but, with 
the doping levels obtained at the present state of the art of 
materials science, they can only function as plasmonic materials 
at far-IR wavelengths longer than 10 microns. Nanoantennas 
made of phase-change materials18 have shown large tunability 
with temperature of the resonant wavelength in the mid-IR 
from 5 to 8 microns, but, for most chemical catalysis 
applications, temperature changes are precisely what one 
would like to induce with the optical energy transfer, rather 
than having to provide thermal energy to the plasmonic system 
through a heater. Graphene metasurfaces19 have demonstrated 
 high surface sensitivity, however at the expense of strongly 
reduced total sensing volume if compared to standard 
plasmonic metal meshes20. In summary, the problem of finding 
efficient materials and device concepts for mid-IR Plasmonics is 
not solved, and it will be even more urgent in the next future, 
because of the recent commercialization of quantum cascade 
lasers (QCLs)21 that are now broadly tunable in the mid-IR range, 
enabling automated on-chip gas sensors based on vibrational 
spectroscopy. More importantly for the scope of this paper, the 
QCLs can make free-space mid-IR radiation beams with peak 
power of the order of 1 W available for optical energy transfer 
to specific molecular vibrational lines, due to their narrow 
emission linewidths of the order of few GHz or less21. 
In this work, we show that the use of porous loadable metal 
nanostructures can provide a straightforward method for the 
co-localization of molecules and mid-IR plasmonic hot-spots 
with extremely high surface-to-volume density ratio, insofar 
boosting the total integrated optical energy transfer from the 
mid-IR free-space radiation to the molecule vibrations. Due to 
the effective optical properties of the porous material in the 
mid-IR, which are found to be very different from those of bulk 
metal, the optical fields can penetrate deep into the metal 
nanostructure, while the molecules can fill the empty spaces 
created by the nanopore fabrication process. Efficient energy 
transfer between the free-space optical beam and the loaded 
molecules then occurs through mid-IR plasmon oscillations of 
the nanostructure. The plasmonic behavior in the mid-IR can be 
optimized at specific wavelengths through the design of 
nanostructure arrays and their subsequent characterization by 
IR spectroscopy, as we do here. In particular, here we show that, 
as in the case of bulk metals, it is possible to pattern the 
nanoporous metals deposited on-chip along the out-of-plane 
direction, thus achieving vertical nanoantenna arrays 
resonating at the desired wavelength. It is shown here that 
tuning the antenna resonance in the vicinity of the vibrational 
frequency of the molecules, together with increasing the 
interaction volume in the out-of-plane nanostructure 
configuration,22 further strengthens the coupling between the 
plasmons and the molecules loaded into the metal nanopores. 
Results and discussion 
Nanoporous gold (NPG) has been known for many years but it 
is still attracting strong interest due to the unique properties 
resulting from its high specific surface area (a roughness factor 
up to 20-25 has been estimated for a porous gold layer  
obtained under conditions similar to ours23). Nanoporous 
metals find applications in many fields from electrochemistry24 
to nanofluidics25 and enhanced spectroscopy26-31. The 
preparation of NPG structures is based on physical-chemical 
procedures32,33 where Ag is selectively leached from (Au,Ag) 
alloys. NPG thin films (Fig. 1 (a)) were prepared following the 
procedure described in Experimental Section. The optical 
response in the mid-IR was investigated by means of IR 
reflectance measurements (Fig. 1 (b)). A Drude-Lorentz model 
was fitted to the experimental data in order to derive the 
effective complex dielectric function of this specific NPG sample 
(Fig. 1 (c) and (d)).  
Figure 1. Permittivity of nanoporous gold (a) SEM image of an 
investigated NPG sample obtained with a de-alloying time of 3 
hours. (b) Measured FTIR reflectance spectra at quasi-normal 
incidence. Real (c) and imaginary (d) part of the permittivity, 
and skin depth (e) estimated with the Drude-Lorentz model. The 
reference spectra of bulk gold are also reported (black lines). 
 
 
It is well known32 that, according to the specific porosity level, 
NPG can behave like an effective conductor with plasma 
frequency ωp in the mid-IR range. The main hypothesis of the 
effective-medium approximation, that the structural feature 
size is much smaller than the wavelength, is acceptable in the 
mid-IR and near-IR range, however conventional effective 
medium theories, like the Maxwell-Garnet theory or the 
Bruggeman theory, fail to reproduce the NPG optical constants, 
because of the high degree of connectivity of the 
nanostructures and more importantly, because of their high 
shape variability.32 Therefore, the obtained effective-medium 
values of the real (Figure 1 (c)) and imaginary (Figure 1 (d)) parts 
of the effective permittivity in the IR range have to be 
considered as phenomenological values34, and the relation of 
the obtained Drude parameters (free carrier density and mass, 
carrier relaxation time, screening constant) to the geometric 
parameters of the material (pore size and distribution) and to 
the bulk gold dielectric function will be a subject of a 
forthcoming paper. The observed reduction of the absolute 
values of the dielectric permittivity of NPG if compared to that 
of bulk gold has important consequences. First, the reduced 2 
enables lower ohmic losses. Second, the reduction of the 
imaginary part of the refractive index κ (which depends on both 
the real and the imaginary parts of the dielectric function) 
implies an increase of the skin depth δ=c/ωκ, which, in turn, 
enables the IR radiation to penetrate deep into the buried 
nanopores. 
A quantitative estimate of the skin depth is plotted in Figure 1 
(e). The skin depth, around 80 nm,  is almost four times larger 
than the value of bulk gold (less than 25 nm in the IR)34 , hence 
the electromagnetic field penetrates into the buried nanopores 
where both the plasmonic hot spots and the nano-objects of 
interest are present, ultimately realizing the co-localization of 
optical energy and molecules.  
In order to exploit the co-localization of optical energy and 
vibrational dipoles, we fabricate mid-IR plasmonic 
nanoantennas made of NPG. First of all, we simulated different 
square arrays of vertical nanoantennas made of both bulk gold 
and NPG. The height of the antennas is set by the present 
fabrication process to 2.3 μm, while the lattice pitch P varies in 
the range 2.5-4.0 μm that generate resonances in the mid-IR as 
we now explain. A TM-polarized plane wave (magnetic field H 
orthogonal to the axis of the antennas) incident at 30° is used in 
the simulations as well as in the subsequent experiments. A full 
3D electromagnetic calculation that takes into account the real 
geometry of the nanopores is currently a very hard challenge 
that would require a huge computational effort, therefore we 
treated the porous metal as a uniform material with dielectric 
function given by the effective phenomenological values 
experimentally determined in Fig. 1. The results for the field 
enhancement |E/E0| when the antennas are brought at 
resonance are illustrated in the vertical section of the field map 
shown in Figure 2 for P = 3.5 μm. The deeper penetration of the 
electromagnetic field inside the volume of the vertical antenna 
can be clearly observed.  
 
 
Figure 2. Electromagnetic simulation of the electric field 
intensity at resonance in the elementary cell of a vertical 
nanoantenna array. The vertical antenna height is 2.3 μm and 
the array period is 3.5 μm. The logarithmic colour scale is the 
same for both panels. The resonance wavelengths are slightly 
offset (approximately 8 and 9 μm for bulk gold and NPG 
respectively) due to the dependence of the resonance 
wavelength on the different dielectric permittivity of bulk gold 
and NPG. The figure shows vertical sections through the 
antenna axes and the comparison between bulk gold and NPG 
demonstrates that the field penetrates more inside the NPG 
antenna. 
 
We now turn to the demonstration of enhanced transfer of 
optical energy to matter embedded in the NPG pores. First of 
all, we note that, due to the small size of the pores (tens of 
nanometers or less), patterning NPG into nanostructures for 
enhanced sensing/spectroscopy in the VIS spectral regions6 can 
be difficult27, because the size of the subwavelength features 
would be comparable to that of the pores. Instead, we now 
show that it is possible to fabricate micron-scale antennas for 
the mid-IR out of NPG by using properly designed 3D templates. 
Moreover, as said above, the approximation of a homogenous 
effective dielectric function is increasingly valid at longer 
wavelengths. The mid-IR nanoantenna fabrication process is as 
follows: we first fabricate polymeric templates of the vertical 
nanoantennas, namely polymeric pillars protruding from the 
substrate plane22; then we deposit the Ag-Au alloy over the 
templates; finally we leach the Ag from the alloy with a wet 
etch, thus realizing vertical out-of-plane antennas made of NPG 
and resonating in the mid-IR range. The fabrication process is 
described in details in the Experimental Section below. 
Examples of the fabricated nanoantennas are reported in Figure 
3(a). The same structures, prepared for reference by depositing 
bulk gold on the same templates are shown in Fig. 3 (b).  
 
 
 
Figure 3. SEM micrographs of arrays of antennas. (a) Characteristic 
array of out-of-plane vertical NPG antennas. In the top-right inset: 
side view. In the bottom-right inset: top view (notice the circular 
section). (b) Array of bulk gold antennas. 
To match the estimated skin depth value of NPG, the thickness 
of the porous metal is set to 80 nm, which gives a final 
 geometrical aspect ratio of cylindrical antennas 
height/diameter  6. The porous structure of the metal is clearly 
visible in Fig. 3(a). We characterized the far-field optical 
response of the antenna arrays by means of Fourier-transform 
IR (FTIR) spectroscopy in a microscope with a 30°-incidence 
Cassegrain objective in reflection mode. At non-normal 
incidence, the radiation electric field vector has a non-zero 
component along the TM10 mode, in which the electric field is 
mostly aligned along the out-of-plane direction, parallel to the 
main axis of the antenna hence exciting the fundamental 
antenna mode. The specular reflectance spectrum of the 
antenna array R() was obtained by using a bulk gold-coated 
surface as reference. In Figure 4, the reflectance spectra of 
arrays with different pitch (height 2.3 μm, total radius 360 nm, 
array pitch varying in the range 2.5 – 4.0 μm) are reported 
together with the electromagnetic simulations of the reflected 
intensity, in which the illumination geometry of the FTIR 
experiment was also simulated. The reflectance dip displayed at 
the same wavelength by simulations in Figure 4 (a) and data 
in Figure 4 (b) confirms the validity of both our modelling and 
fabrication approaches. The interpretation of the reflectance 
dip is as follows: due to overlap of the square lattice 
resonance wavelength with the fundamental longitudinal 
mode of the antenna,22 a maximum in the intensity scattered 
at non-specular angle S() is expected. Since in the absence of 
transmission and for negligible absorption one has R()1-
S(), a dip is seen in the reflectance spectra of Fig. 4. The 
wavelength at which the dip appears redshifts proportionally 
to the increasing lattice period by more than 25%, because 
the fundamental mode of the vertical antenna has a 
bandwidth of more than 50% of the centre wavelength, 
therefore it is the array resonance that controls the exact 
spectral position of the dip and the linewidth (half width at 
half maximum is less than 10% of the centre wavelength). 
 
Figure 4. Optical response of arrays of antennas made of nanoporous 
gold. Simulated (a) and measured (b) reflectance of several arrays of 
NPG antennas with different lattice pitch P in the range 2.5 – 4.0 μm. 
 
The demonstration of the enhanced transfer of optical energy 
to vibrational energy is done by sensing the mid-IR vibrational 
modes of a thin layer of amorphous SiO2 deposited on the 
antenna arrays by means of atomic layer deposition (ALD)35,36. 
With this technique, exactly the same thickness of analyte layer 
can be deposited on different antenna arrays made of either 
NPG or bulk gold. Moreover, the intrinsic homogeneity of the 
deposition rate of ALD ensures a uniform, conformal deposition 
of the analyte over the 3D surface formed by the porous 
structure35,36. As a demonstration of the uniformity and 
conformity of the ALD, we deposited the same analyte (about 
10 nm of SiO2, or 90 ALD cycles) on an NPG sample, and we 
imaged the cross-section by means of scanning electron 
microscopy (SEM). The image is reported in Figure 5 and it is 
possible to verify the uniformity of the SiO2 layer across the 
entire 3D porous structure. For the sensing experiment, we 
choose to deposit 3 nm of SiO2 on the nanoantenna arrays (30 
ALD cycles). 
 
 
 
 
Figure 5. SEM micrograph of a NPG film cross section after ALD 
deposition of 10 nm of SiO2. 
 
The sensing results are presented in Figure 6, where the FTIR 
reflectance microscopy spectra of the antenna arrays of Fig. 4 
after the SiO2 coating are reported in Figs. 6 (a) and 6 (b), 
respectively, as a function of the electromagnetic frequency 
=c/expressed in wavenumbers . The antenna 
resonance could be tuned across the characteristic phonon 
energies of SiO2 by changing the array pitch P as described in 
Fig. 4. SiO2 is characterized by two distinct active phonons in the 
IR: a transverse optical (TO) phonon mode around 1090 cm-1, 
and a longitudinal optical (LO) phonon mode at 1250 cm-1.37,38 
According to the IR spectroscopy selection rules for a thin SiO2 
film on a flat surface, the TO phonon exhibits a strong thickness 
dependence, while the LO phonon is substantially thickness-
independent and it can be excited only at non-normal 
incidence.38 In a nanostructured amorphous sample, however, 
the selection rules are relaxed and both phonons are observed. 
The LO phonon produces a stronger signature than the TO 
phonon in the spectra of Fig. 6, so we shall focus on the LO 
vibration at LO=1250 cm-1. The strength and the asymmetry of 
the spectral feature at LO contains information on the light-
matter interaction strength at the nanoscale, although, at the 
low photon flux of the FTIR blackbody source, the optical energy 
transfer is still negligible if compared to e.g. thermal energy at 
room temperature. We extract the light-matter interaction-
strength parameters by performing a multi-peak fit to a broad 
Lorentzian background for the plasmonic resonance39,40 and a 
narrow discrete vibrational transition line centred at LO with 
an asymmetric Fano-Breit-Wigner profile41,42. In the spectral 
region around the antenna resonance, the -dependent 
reflectance spectra are fitted to:  
 
                                      (1) 
 
where R0 is a constant baseline estimated in the range 95% – 
100%, and RL(), RF() are the Lorentz and Fano terms 
respectively, written as: 
 
                                          (2) 
 
 
                               
(3) 
 
Here AL and AF denote the amplitudes of the Lorentz and Fano 
functions, while L and F denote the corresponding widths of 
the resonances. ant is the antenna array resonance frequency, 
which is tuned in the range 900 – 1400 cm-1 by changing P. The 
Fano-Breit-Wigner parameter q gives the asymmetry of the line 
profile at LO, which is set by the light-matter interaction 
strength. An example of the results of the fitting procedure is 
reported in Fig. 6 (c) for the case of the NPG array with P=2.5 
μm. In particular, the expression 1/q2 is a direct measure of the 
light-matter coupling coefficient42 while AF measures the total 
energy transfer, therefore in Figs. 6 (d) and 6 (e) we plot AF and 
1/q2 for all the bulk Au and NPG antenna arrays. It is clearly 
evident that the NPG arrays with P=3.0 m and P=3.25 m 
provide more than 4-fold enhancement in the optical energy 
transfer and in the strength of the light-matter interaction, 
respectively, if compared to other values of P. It may be 
interesting to notice that AF and 1/q2 are maximum when the 
plasmonic resonance frequency is slightly detuned from LO, 
e.g. the array with P=3.0 m has the plasmonic resonance at 
1150 cm-1, -10% offset from LO, and 1/q2=46±10, while the 
fully-resonant array with P=2.75 m and plasmonic resonance 
at LO has 1/q2=3±1. This fact can be understood in the 
framework of more refined electromagnetic models that 
rigorously implement the role of both absorption and scattering 
enhancement in defining the asymmetric lineshape of 
molecules interacting with mid-IR nanoantennas43,44. The 
validity of our simplified analytical fitting formula, however, is 
confirmed by the values of the associated errors on AF and 1/q2, 
which are reported as vertical error bars in Figs. 6 (d) and 6 (e). 
The maximum values for the parameters AF and 1/q2 of the NPG 
arrays are always safely larger than the corresponding 
maximum values for the bulk gold arrays, which also show only 
2-fold enhancement of optical energy transfer at P=3.25 m and 
P=3.5 m if compared to other values of P. We therefore 
conclude that the mid-IR radiation energy is most efficiently 
transferred to the vibrations of the SiO2 layers deposited into 
the nanopores of the NPG structure with P=3.0 m and P=3.25 
m. 
 
 
Figure 6. Boost of the energy transfer in nanopatterned antennas 
arrays: NPG vs bulk gold. Reflectance spectra for several sets of 
arrays of bulk gold (a) and NPG (b) with different lattice periods (P). 
The positions of the Lorentz peak (kant) obtained by the multi-peak fit 
are marked with red dots, while the spectral window of the LO 
phonon in the SiO2 is highlighted with a vertical blue shade. The 
spectra are shifted for clarity. (c) Example of the fitting procedure for 
the reflectance spectrum of NPG with P=2.5 μm. The measured curve 
is reported with a solid black line, the Lorentz curve with a dashed 
blue line, the Fano curve with a solid blue line, and the resulting sum 
with a solid red line. (d) The spectral weight of the Fano term for bulk 
gold (blue line and symbols) and NPG (red line and symbols) for 
different values of the array pitch P. (e) The light-matter interaction 
strength parameter 1/q2 for bulk gold (blue line and symbols) and 
NPG (red line and symbols) versus P. The errors associated to the fits 
are reported as vertical error bars in panels (d) and (e). 
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 Thin films of NPG were prepared as follows: rectangular silicon 
substrates were thoroughly degreased in boiling acetone and 
dried. A 5 nm Ti layer was deposited on a silicon nitride 
membrane as an adhesion promoter. Subsequently an Au layer 
about 100 nm thick was deposited over Ti. Both these 
depositions were performed, using a Kenosistek® facility, in 
high vacuum (1 · 10-6 mbar) by means of electron beam (e-
beam) evaporation at a deposition rate of 0.1 nm/s. Finally, a 
layer about 500 nm thick of Ag75Au25 alloy (at%) was deposited 
in a DC turbo sputter coater (Emitech K575X, Emitech Ltd., 
Ashford, Kent, UK), using a silver/gold alloy sputtering target 
Ag62.3/Au37.7 (wt.%), GoodFellow. The sputtering was performed 
at room temperature under Ar gas flow at a pressure of 7 · 10-3 
mbar and a DC sputtering current of 25 mA. The composition of 
the alloy (Ag75Au25) was selected on the basis of literature 
reports discussed elsewhere27-31, according to which the range 
22–25 at.% Au is optimal. Etching baths were prepared by 
dilution of a concentrated HNO3 solution to a final 
concentration of 33% (Sigma-Aldrich, ACS reagent 70%). The 
dealloying process was performed at room temperature for 3 
hours. Each sample was then washed in distilled water, dried in 
a nitrogen stream and stored.   
The method used to fabricate the samples relies on FIB-
generated secondary-electron lithography in lithographic 
resists. S1813 optical resist (thickness of 2.3 μm) is spun at 3000 
rpm on 200 nm thick Si3N4 membranes and soft-baked at 90°C 
for 4 minutes. On the back of the membrane a thin layer of gold 
(about 10 nm) is then deposited by means of sputtering. The 
membranes are then patterned from the backside using a 
Focused Ion Beam (Helios Nanolab600, FEI company), operated 
at 30 keV (current aperture: 40pA, dwell time: 500 μs, number 
of repetitions: 850 passes). Due to the high dose of low-energy 
secondary electrons induced by ion beam / sample interaction, 
a 40 nm thick layer of resist, surrounding the milled hole, 
becomes highly cross-linked and insoluble to most solvents. 
After patterning, the sample is developed in acetone, rinsed in 
isopropanol and dried under gentle N2 flow. A mild oxygen 
plasma (process time: 2 minutes, RF power: 100 Watt, gas flow: 
25 sccm) reduces the polymeric skin down to 10 nm. A 80 nm 
thick layer of silver/gold alloy is deposited by sputtering the 
sample, tilted 60° with respect to the vertical and rotated, 
guaranteeing an isotropic coating on both the sidewalls and the 
base. The deposition follows the same parameters reported 
above for the preparation of the NPG thin-films. Finally, in order 
to prepare the sample with the desired nanoporous structure, 
the nanoantennas were etched in diluted HNO3 for 3 hours at 
room temperature. 
The optical response in the mid-IR is investigated by means of 
FT-IR reflectance microscopy measurements by using a 
Nicolet™ iS™ 50 FT-IR Spectrometer coupled to the Nicolet 
Continuµm Infrared Microscope by Thermo Scientific™. 
Electromagneticx simulations are performed by means of the  
Comsol Multiphysics® software. Periodic boundary conditions 
are imposed at the lateral facets of the unit cell, and perfectly 
matched layers are assumed at the top and bottom boundaries 
of the simulation box. 
Conclusions 
In summary, we have shown that nanoporous gold can provide 
a longer effective skin depth with respect to bulk gold, which 
can be beneficial for optical energy transfer to molecule 
vibrations in the mid-infrared. In particular, the longer 
penetration depth enables the co-localization into the pores of 
the vibrating molecular dipoles and the optical energy, whose 
transfer can be boosted by designing suitable plasmonic 
resonators with high hot-spot density. Here we designed, 
fabricated and spectroscopically characterized vertical 
nanoantenna arrays made of nanoporous gold, which were 
benchmarked to identical structures made of bulk gold 
fabricated by using the same polymeric templates. The 
nanoantenna arrays displayed a plasmonic response tunable by 
the array pitch and an enhanced light-matter coupling to a 3 nm 
thick  conformally deposited silicon dioxide layer. The observed 
efficient energy transfer from the free-space mid-infrared beam 
to the vibrations is explained by the co-localization of the 
nanometric layer and the plasmonic hot spots inside the pores, 
thus opening a new route towards plasmon-enhanced physical-
chemical effects featuring high molecular specificity typical of 
the mid-infrared range. 
Acknowledgements 
The research leading to these results has received funding from 
the European Research Council under the European Union's 
Seventh Framework Program (FP/2007-2013) / ERC Grant 
Agreement n. [616213], CoG: Neuro-Plasmonics and under the 
Horizon 2020 Program, FET-Open: PROSEQO, Grant Agreement 
n. [687089]. 
Notes and references 
1 W. L. Barnes, A. Dereux, T. W. Ebbesen, Nature, 2003, 424, 
824–830. 
2 S. Lal, S. Link, N. J. Halas, Nat. Photonics, 2007, 1, 641–648. 
3 D. R. Smith, J. B. Pendry, M. C. K. Wiltshire, Science, 2004, 305, 
788–792. 
4 A. G. Brolo, Nat. Photonics, 2012, 6, 709–713. 
5 L. V. Brown, K. Zhao, N. King, H. Sobhani, P. Nordlander, N. 
J. Halas, J. Am. Chem. Soc., 2013, 135 (9), 3688–3695. 
6 R. Adato, H. Altug, Nat. Commun., 2013, 4, 1–10. 
7 S. Linic, U. Aslam, C. Boerigter, M. Morabito, Nat. Mater., 
2015, 14, 567–576. 
8 J. R. Adleman, D. A. Boyd, D. G. Goodwin, D. Psaltis, Nano 
Lett., 2009, 9, 4417–4423. 
9 S. Mukherjee, F. Libisch, N. Large, O. Neumann, L. V. Brown, J. 
Cheng, J. B. Lassiter, E. A. Carter, P. Nordlander, N. J. Halas, 
Nano Lett., 2013, 13, 240–247. 
10 P. Christopher, H. Xin, S. Linic, Nat. Chem., 2011, 3, 467–472. 
11 S.-Y. Ding, J. Yi, J.-F. Li, B. Ren, D.-Y. Wu, R. Panneerselvam, 
Z.-Q. Tian, Nat. Rev. Mater., 2016, 1, 16021.  
12 M. I. Stockman, DOI: 10.1002/9781118634394.ch1 
13 A. Yang, T. B. Hoang, M. Dridi, C. Deeb, M. H. Mikkelsen, G. 
C. Schatz, T. W. Odom, Nat. Commun., 2015, 6, 6939. 
14  G. V. Naik, J. Kim, A. Boltasseva, Opt. Mater. Express, 2011, 
1, 1090 – 1099. 
15 G. Garcia, R. Buonsanti, E. L. Runnerstrom, R. J. Mendelsberg, 
A. Llordes, A. Anders, T. J. Richardson, D. J. Milliron, Nano Lett., 
2011, 11, 4415−4420. 
16 S. Law, L. Yu, A. Rosenberg, and D. Wasserman Nano Lett., 
2013, 13 (9), pp 4569–4574 
17 L. Baldassarre, E. Sakat, J. Frigerio, A. Samarelli, K. Gallacher, 
E. Calandrini, G. Isella, D.s J. Paul, M. Ortolani, and P. Biagioni  
Nano Lett., 2015, 15 (11), 7225–7231 
18 A.-K. U. Michel, D. N. Chigrin, T. W. W. Maß, K. Schönauer, M. 
Salinga, M. Wuttig, and Th. Taubner Nano Lett., 2013, 13 (8), 
3470–3475  
19 D. Rodrigo, O. Limaj, D. Janner, D. Etezadi, F. J. García de 
Abajo, V. Pruneri, H. Altug, Science, 2015, 349, 165 – 168.  
20 O. Limaj, F. D’Apuzzo, A. Di Gaspare, V. Giliberti, F. Domenici, 
S. Sennato, F. Bordi, S. Lupi, and M. Ortolani J. Phys. Chem. C, 
2013, 117 (37), pp 19119–19126 
21 M. S. Vitiello, G. Scalari, B. Williams, and P. De Natale Opt Expr. 
2015, 23, (4) 5167-5182.  
22 M. Malerba, A. Alabastri, E. Miele, P. Zilio, M. Patrini, D. 
Bajoni, G. C. Messina, M. Dipalo, A. Toma, R. Proietti Zaccaria, 
F. De Angelis, Sci. Rep., 2015, 5, 16436. 
23 E. Rouya, S. Cattarin, M. L. Reed, R. G. Kelly, G. Zangari, Journal 
of The Electrochemical Society, 2012, 159, K97-K102. 
24 S. Park, H. C. Kim, T. D. Chung,  Analyst, 2012, 137, 3891. 
25 Y. Xue, J. Markmann, H. Duan, J. Weissmüller, P. Huber, Nat. 
Commun., 2014, 5, 4237. 
26 Y. Fu, J. Zhang, K. Nowaczyk, J. R. Lakowicz, Chem. Commun., 
2013, 49, 10874–6. 
27 G. Ruffato, D. Garoli, S. Cattarin, S. Barison, M. Natali, P. 
Canton, A. Benedetti, D. De Salvador, F. Romanato, 
Microporous Mesoporous Mater. 2012, 163, 153–159. 
28 G. Ruffato, F. Romanato, D. Garoli, S. Cattarin, Optics express 
2011, 19 (14), 13164-13170. 
29 D. Garoli, E. Calandrini, A. Bozzola, M. Ortolani, S. Cattarin, S. 
Barison, A. Toma, F. De Angelis, Nanoscale 2017, 9 (2), 915-
922. 
30 D. Garoli, G. Ruffato, S. Cattarin, S. Barison, M. Perino, T. 
Ongarello, F. Romanato, J. Vac. Sci. Tech. B. 2013, 31, 012601. 
31 D. Garoli, G. Ruffato, P. Zilio, E. Calandrini, F. De Angelis, F. 
Romanato, S. Cattarin, Optical Materials Express 2015, 5 (10), 
2246-2256. 
32 W. Theiβ, S. Henkel and M. Arntzen, Thin Solid Films, 1995. 
255(1): p. 177-180.  
33 M. C. Dixon, T. A. Daniel, M. Hieda, D. M. Smilgies, M. H. W. 
Chan, D. L. Allara, Langmuir, 2007, 23, 2414–2422. 
34 D. Rakic, B. Djurisic, J. M. Elazar, M. L. Majewski, Appl. Opt., 
1997, 37, 5271–5283. 
35 C. Marichy, M. Bechelany, N. Pinna, Adv. Mater., 2012, 24, 
1017–1032. 
36 M. M. Biener, J. Biener, A. Wichmann, A. Wittstock, T. F. 
Baumann, M. Bäumer, A. V. Hamza, Nano Lett., 2011, 11, 
3085–3090. 
37 J. Kischkat, S. Peters, B. Gruska, M. Semtsiv, M. Chashnikova, 
M. Klinkmüller, O. Fedosenko, S. Machulik, A. Aleksandrova, 
G. Monastyrskyi, et al. Appl. Opt., 2012, 51, 6789–6798. 
38 C. Martinet, R. B. Devine, J. Appl. Phys., 1995, 77, 4343–4348. 
39 V. Giannini, Y. Francescato, H. Amrania, C. C. Phillips, S. Maier, 
Nano Lett., 2008, 11, 2835–2840. 
40 B. Gallinet, O. J. F. Martin, Opt. Express, 2011, 19, 22167–
22175. 
41 T. Neuman, C. Huck, J. Vogt, F. Neubrech, R. Hillenbrand, J. 
Aizpurua, A. Pucci, J. Phys. Chem. C, 2015, 119, 26652–26662. 
42 S. Lupi, M. Ortolani, P. Calvani, Phys. Rev. B - Condens. Matter 
Mater. Phys., 2004, 69, 1–4.  
43 T. Neuman, Ch. Huck, J. Vogt, F. Neubrech, R. Hillenbrand, J. 
Aizpurua, and A. Pucci, J. Phys. Chem. C, 2015, 119 (47), pp 
26652–26662 
44 Y. L. A. Rezus and O. Selig, Optics Express 2016, 24(11) 12202-
12227 
 
